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Summary:  Macular retinal layer thickness was examined in 196 healthy children 
aged from 4-12 years of age.  Significant increases in thickness were observed with 
age, particularly in the foveal outer retinal layers, which appear to represent the 
normal developmental changes in retinal morphology from early childhood to 
adolescence. 
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Abstract: 
Purpose:  To examine macular retinal thickness and retinal layer thickness with 
spectral domain optical coherence tomography (OCT) in a population of children with 
normal ocular health and minimal refractive errors. 
Methods:  High resolution macular OCT scans from 196 children aged from 4 to 12 
years (mean age 8 ± 2 years) were analysed to determine total retinal thickness and 
the thickness of 6 different retinal layers across the central 5 mm of the posterior 
pole. Automated segmentation with manual correction was used to derive retinal 
thickness values. 
Results:  The mean total retinal thickness in the central 1 mm foveal zone was 255 
± 16 µm, and this increased significantly with age (mean increase of 1.8 microns per 
year) in childhood (p<0.001).  Age-related increases in thickness of some retinal 
layers were also observed, with changes of highest statistical significance found in 
the outer retinal layers in the central foveal region (p<0.01).  Significant 
topographical variations in thickness of each of the retinal layers were also observed 
(p<0.001). 
Conclusions:  Small magnitude, statistically significant increases in total retinal 
thickness and retinal layer thickness occur from early childhood to adolescence.  The 
most prominent changes appear to occur in the outer retinal layers of the central 
fovea.   
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Introduction:   
Histological studies indicate that the development of the normal human retina is not 
complete at birth, and that a number of changes in retinal morphology occur post-
natally.1-4  Substantial post-natal changes in morphology of the foveal retina have 
been documented, including a central migration of cone photoreceptors, a thinning 
and elongation of photoreceptor inner and outer segments and axons, and 
substantial increases in foveal cone packing density.1,2,4  Developmental changes in 
aspects of retinal morphology in parafoveal and mid-peripheral retinal regions have 
also been documented, however the maturation of mid-peripheral regions is thought 
to occur earlier than parafoveal regions, which in turn is thought to occur earlier than 
the foveal retina.3  Although pronounced changes in many retinal characteristics take 
place in the first few years of life, it has been suggested that aspects of human 
foveal development may not reach adult levels until the early teenage years.4     
 
Optical coherence tomography (OCT) technology,5,6 provides high resolution, 
quantitative in-vivo retinal morphological information, allowing the examination of 
normal developmental retinal changes of human children in-vivo.  A number of 
previous studies have examined the total retinal thickness of the macular region in 
normal, healthy pediatric populations using lower resolution time domain OCT (TD-
OCT).7-11  These studies have demonstrated significant topographic variations in 
total retinal thickness across the posterior pole,7-11 alterations in retinal morphology 
associated with refractive error8,9 and some evidence of small increases in total 
retinal thickness with age in childhood.10,11  More recently, a small number of studies 
have used higher resolution spectral domain OCT (SD-OCT) methods to assess 
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macular retinal thickness in healthy children, primarily to establish normative values 
of total retinal thickness in pediatric populations.12-14  Two of these studies have 
documented a significant positive association between foveal retinal thickness and 
age in childhood.13,14  Although the assessment of individual retinal layers is possible 
with SD-OCT, only one of these recent studies has examined the individual macular 
retinal layer thicknesses in children.14  Yanni et al14 reported normative ranges for a 
variety of retinal layer thickness parameters in 83 children aged from 5-15 years, 
based upon a horizontal line scan through the fovea, however the association 
between age and the retinal layer thicknesses in childhood was not examined in 
detail. 
 
A small number of recent studies have utilised hand-held SD-OCT imaging to 
document in-vivo developmental changes in the foveal region of premature infants.15-
17  These studies have documented quantitative15,17 and qualitative16 changes in the 
retinal layers (particularly the outer retina at the foveal region) in infants, confirming 
histological evidence of the maturation of the foveal retina post-natally.  These 
studies have included only small numbers of children over the age of 4 years (i.e. 
less than 20 children), so it is not clear if continued development and maturation of 
the in-vivo retinal structure continues throughout childhood. 
 
Given that numerous ocular disorders influencing the retina can begin in childhood,18 
and the increasing clinical use of SD-OCT, a comprehensive understanding of the 
normal in-vivo retinal characteristics (including intra-retinal layer thickness) and their 
developmental changes in childhood with SD-OCT is important for the clinical 
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diagnosis and monitoring of the retina in pediatric patients.  This study therefore 
aimed to examine the macular total retinal thickness and retinal layer thickness in a 
substantial population of children with normal ocular health, using high resolution 
SD-OCT, and to document any changes in retinal morphology associated with age. 
 
Methods: 
Subjects and procedures 
All children (n=735) who were enrolled at an elementary school situated 5 miles from 
the central business district of Brisbane, Australia, were invited to participate in this 
cross-sectional study. Two hundred and twenty six of these children, aged from 4 to 
12 years of age participated.  Approval from the Queensland University of 
Technology human research ethics committee was obtained prior to the study, and 
written informed consent was provided by all participating children and their parents.  
Any children who were too young to give written consent provided verbal assent to 
participate.  All participants were treated in accordance with the tenets of the 
declaration of Helsinki.   
 
All participating children underwent a series of vision screening tests to determine 
their visual acuity, ocular refraction, biometry and ocular health status.  These tests 
included measures of unaided and best corrected monocular visual acuity, non-
cycloplegic distance retinoscopy and subjective refraction, binocular vision 
measures, colour vision screening, Lenstar LS 900 ocular biometry (Haag Streit AG, 
Koeniz, Switzerland) and slit lamp biomicroscopy.   One hundred and ninety six of 
the 226 participating children met our inclusion criteria of having spherical equivalent 
refraction between +1.25 and -1.25 D, visual acuity of 0.1 logMAR or better, no 
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evidence of strabismus, no history of ocular disease, surgery or injury, and no history 
of systemic disease or medication with known ocular effects, and successfully 
underwent detailed SD-OCT imaging to assess their macular retinal thickness.   
 
Following each subject’s vision screening, retinal OCT imaging was performed using 
a high resolution SD-OCT instrument (Copernicus SOCT-HR Optopol Technology 
SA, Zawiercie, Poland).  This instrument utilizes a super-luminescent diode light 
source with a peak wavelength of 850 nm (bandwidth 100 nm), providing OCT 
images with an axial resolution of 3 µm, a transverse resolution of 12-18 µm and a 
scanning speed of 52,000 A-scans per second.  This instrument has been shown to 
exhibit excellent reproducibility for retinal thickness and retinal layer thickness 
measures in normal subjects.19 
 
Initially for each subject, 3D OCT scans across a 6 mm by 6 mm grid (consisting of 
128 B-Scans each with 500 A-scans) were captured of both eyes, in order to detect 
any retinal abnormalities and to confirm fixation reliability in the subsequent high 
resolution scans.  A series of high resolution scans were then collected on one 
randomly selected eye of each subject.  Figure 1 illustrates this scanning protocol 
along with representative images from one subject.  For these images, the 
instrument’s “cross” scanning protocol was used, which captures multiple sets of 2 
perpendicular OCT line scans centred on the fovea.  For each measurement, a 
series of scans were collected including horizontal/vertical and 45°/135° “cross” 
scans, resulting in the acquisition of 3 series of 4 radial line scans each separated by 
45 degrees, all centred on the fovea (Figure 1a).  Each of the line scans consisted of 
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30 B-Scans, with 999 A-scans per B-Scan.   The 2 series of 4 radial line scans 
exhibiting the best image quality for each subject [as defined by the instruments’ 
quality index (QI), and evidence of the most central fixation (i.e. deepest foveal pit)] 
were saved for additional analysis.  Only OCT scans with an average image quality 
index of >4 were included, as per the manufacturer instructions.   
 
Data analysis 
Custom written software was used to analyse the OCT data from each subject.  
Initially, each of the 30 individual raw B-Scan images along each scan line were 
registered and aligned, to create averaged OCT images with reduced speckle noise 
and enhanced visibility of the individual retinal layers, using a method that has been 
described in detail previously.20  These averaged images were then analysed to 
segment the boundaries of 8 different retinal layers, using a method based on graph 
theory described by Chiu et al.21 (with the pre-processing values modified based 
upon the Copernicus SOCT-HR resolution).  The boundaries that were segmented 
are illustrated in Figure 1d and included:  the outer boundary of the retinal pigment 
epithelium (RPE), the inner boundary of the inner segment ellipsoid band (ISe), the 
inner boundary of the external limiting membrane (ELM), the boundary between the 
outer plexiform layer and inner nuclear layer (OPL/INL), the boundary between the 
inner nuclear layer and the inner plexiform layer (INL/IPL), the boundary between the 
ganglion cell layer and the nerve fibre layer (GCL/NFL) and the inner boundary of the 
inner limiting membrane (ILM).  Although additional retinal layers (e.g. the boundary 
of the cone outer segment tips, and the outer nuclear layer and the ganglion cell 
layer) are visible in the SD-OCT scans, the 8 boundaries used in this study were 
chosen as they could be reliably/unambiguously detected across the entire central 5 
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mm in all of the scans. The automated segmentation of each of the average B-Scan 
images from each subject was then checked by an experienced masked observer, 
who manually corrected any segmentation errors.    
 
Since the subjects exhibited a range of different axial lengths (range 20.45 to 25.15 
mm), the transverse magnification of each scan was also adjusted to account for 
ocular magnification associated with different eye size, based upon each subject’s 
individual axial length measures, using a previously described method.22  The 
morphological characteristics of the foveal region mean that relatively small shifts in 
fixation away from foveal centre can result in variations in retinal thickness.23   To 
ensure that scans exhibiting evidence of non-central fixation weren’t included in the 
analysis, each subject’s 3D OCT scans were analysed to determine the total retinal 
thickness at the centre of the foveal pit.  Any individual radial line scans exhibiting a 
foveal point thickness difference of 12 microns or greater (i.e. 4 pixels or more 
difference in the OCT image) compared to the central foveal pit thickness from the 
3D scan were assumed to have evidence of non-central fixation and were excluded 
from further analysis.   
 
The segmentation data from each of the OCT images were then used to derive the 
total retinal thickness (the distance from the RPE to the ILM); along with 3 thickness 
parameters describing the outer retinal layers including: the RPE to ISe thickness 
(the distance from the RPE to the ISe), the inner segment (IS) thickness (the 
distance from the ISe to the ELM) and the ONL+OPL thickness (the distance from 
the ELM to the OPL/INL); and 3 thickness values describing the inner retinal layers 
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including: INL thickness (the distance from the OPL/INL to the INL/IPL), IPL+GCL 
thickness (the distance from the INL/IPL to the GCL/NFL) and NFL thickness (the 
distance from the GCL/NFL to the ILM) (Figure 1d).  
 
The thickness for each of the layers at foveal centre was determined in each of the 
averaged scans, and referred to as the “foveal point thickness”.  The average 
thickness from foveal centre to 0.5 mm away from the fovea was also calculated, on 
either side of foveal centre, and referred to as the “foveal zone thickness”.  The 
average thickness from 0.5 mm away from foveal centre out to 1.5 mm was 
calculated and referred to as the “parafoveal zone thickness” and also from 1.5 mm 
from foveal centre out to 2.5 mm from foveal centre which was referred to as the 
“perifoveal zone thickness”.  Analysis of the images along each of the 4 radial scan 
lines allowed thickness values to be determined in the foveal, parafoveal and 
perifoveal zones in 8 different locations: temporal, superior-temporal, superior, 
superior-nasal, nasal, inferior-nasal, inferior and inferior-temporal.  For the inner 
retinal layers, only the parafoveal and perifoveal zones were examined, since these 
layers weren’t present at the centre of the fovea in the majority of subjects.  As each 
of the thickness measures within a subject were determined from the mean 
thickness from two repeated scan lines, the reproducibility of these data were 
assessed by determining the Intra-Class Correlation coefficient (ICC), along with the 
mean (and standard deviation) of the difference between the two repeated thickness 
measures in each subject for each of the considered retinal layers in all of the retinal 
zones.  
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All statistical analysis was carried out using IBM SPSS Statistics version 21 
(Armonk, NY: IBM Corp).  Parametric statistical tests were used, since the data did 
not depart significantly from a normal distribution (Kolmogorov-Smirnov test p>0.05 
for all parameters).  For the foveal point thickness values, a univariate analysis of 
variance (ANOVA) was carried out, examining the influence of age and gender as 
covariates.   A repeated-measures ANOVA was also carried out to examine the 
variations in each of the retinal thickness values over the central 5 mm of the 
posterior pole, with two within-subjects effects (retinal zone [foveal, parafoveal, and 
perifoveal zone] and retinal location), also including age and gender as covariates.  
Bonferroni adjusted pairwise comparisons were used to examine any significant 
main effects.  To further examine the influence of age upon each of the retinal 
parameters examined, simple linear regression analysis was performed for each of 
the variables in each of the retinal zones.  To reduce the chance of type 1 statistical 
errors associated with multiple statistical testing, a p-value of <0.01 was considered 
significant across all analyses. 
 
Results: 
All results presented in this manuscript are the mean ± standard deviation.  The 196 
children whose data were included in the analysis had a mean age of 8.2 ± 1.9 years 
(range 4 to 12 years) and a mean spherical equivalent refraction of +0.06 ± 0.21 DS 
(range +1.25 to -0.50 DS).  One hundred of the participants were female.  The 
majority of participating children were of Caucasian ethnic origin (n = 177), with the 
remaining children having East Asian (n = 7), Middle Eastern (n = 5), South 
American (n = 3), Melanesian (n = 2) or Indian (n = 2) ethnic origins.   
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The mean ± SD quality index of the OCT measurements from all subjects was 6.7 ± 
1.1   The retinal thickness at the centre of the foveal pit from the 3D scans was 
generally highly correlated (r2 = 0.95) and in close agreement with the foveal point 
thickness values from the high resolution line scans (mean difference of 2.7 ± 3.2 
µm), indicating central foveal fixation during the high resolution scan acquisition for 
the vast majority of subjects.  Fifty two (3.3% out of 1568) individual high resolution 
B-scans exhibited evidence of non-central fixation, and these scans were excluded 
from the final analysis.  Any subject without a complete set of at least 4 valid high 
resolution radial line scans was excluded from the analysis of retinal thickness 
across the posterior pole, which meant this aspect of the analysis included 188 of the 
196 subjects.   
 
Considering each of the retinal layer boundaries, on average the masked observer 
performed some manual correction of the automated segmentation in 6 ± 6% of 
scans (ranging from 0.5% of scans for the ELM boundary to 17% of scans for the 
OPL/INL boundary).  The mean absolute difference between the automatically 
detected boundary position and the corrected boundary position in all valid scans 
across the 5 mm analysis zone was 0.3 ± 0.2 µm (ranging from 0.2 ± 0.3 µm for the 
ISe boundary to 0.6 ± 1.4 for the NFL boundary), indicating that generally only small 
adjustments to the automated segmentation were required.  Analysis of the 
reproducibility of the thickness data for each of the considered retinal layers revealed 
a high level of reproducibility, with no significant bias between the two repeated 
measures, and the standard deviations of the differences being similar to the 
instrument’s axial resolution: Total retinal thickness (ICC: 0.997, Mean difference: 
0.03 ± 3.4 µm), RPE to ISe thickness (ICC: 0.971, Mean difference: 0.01 ± 1.8 µm), 
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IS thickness (ICC: 0.942, Mean difference: 0.01 ± 1.4 µm), OPL+ONL thickness 
(ICC: 0.972, Mean Difference: 0.1 ± 3.4 µm), INL thickness (ICC: 0.756, Mean 
difference: -0.01 ± 3.1 µm), IPL + GCL thickness (ICC: 0.983, Mean difference: -0.03 
± 2.7 µm), NFL thickness (ICC: 0.987, Mean difference: 0.05 ± 2.4 µm). 
 
To examine for the presence of inner retinal layers at foveal centre, we compared 
the thickness of the total retina, with the thickness of the outer retina (distance from 
the RPE to the OPL/INL boundary).  This revealed an average difference between 
total retina thickness and outer retina thickness of 3.4 µm at foveal centre, indicating 
for the vast majority of children, there was no evidence of inner retinal layers present 
at foveal centre.  Eight subjects exhibited more than 12 µm difference between total 
retina and outer retina thickness at foveal centre, suggesting some remnants of inner 
retinal layers at foveal centre for 4.3% (8 out of 188) of the children examined. 
 
Total Retina Thickness 
The average foveal point total retina thickness in the population was 218 ± 15 µm, 
and total retina thickness increased significantly with age (p = 0.001).  Regression 
analysis indicated an average increase in foveal retina thickness of 1.8 µm per year 
(Table 1). There was no significant effect of gender on the total retina thickness 
values (p>0.05).   Table 2 and Figure 2a demonstrate the mean total retina thickness 
in the children across the central posterior pole.  Total retina thickness exhibited a 
significant variation with age (p <0.01), retinal zone (p<0.001) and retinal location 
(p<0.001), and a significant zone by location interaction (p<0.001).  The total retina 
was significantly thinner in the foveal zone (mean thickness across all locations 255 
± 16 µm), compared to the perifoveal zone (mean 301 ± 13 µm), which was 
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significantly thinner than the parafoveal zone (mean 336 ± 13 µm) (p<0.001 for all 
comparisons).  The temporal retina (mean thickness across all zones 285 ± 12 µm) 
was significantly thinner than the nasal retina (mean 305 ± 13 µm), and the inferior 
retina (mean 294 ± 12 µm) was significantly thinner than the superior retina (mean 
303 ± 12 µm), and the magnitude of the retinal location related differences in 
thickness were smaller in the foveal zone compared to the parafoveal and perifoveal 
zones.  Regression analysis revealed a significant positive association between age 
and total retinal thickness for foveal and parafoveal zone measures (both p<0.01, 
Figure 2b), but no significant association between age and total retinal thickness was 
observed in the perifoveal zone (p>0.1). 
 
Outer Retina Layer Thickness 
Table 1 presents the average foveal point thickness for each of the outer retina layer 
thickness values.  At foveal centre, only the RPE to ISe thickness exhibited a 
significant influence of age (p<0.001), with regression analysis indicating an increase 
in the RPE to ISe thickness of 0.4 µm per year.  The foveal point IS thickness and 
the ONL+OPL thickness did not exhibit significant changes with age (all p>0.05).   
 
Table 2 and Figure 3 illustrate the variations in each of the 3 outer retinal layer 
thickness values across the central 5 mm of the posterior pole.  Each of the 3 outer 
retinal layers exhibited significant variations in thickness with retinal zone and 
location, and significant zone by location interactions (all p<0.001).  In terms of 
retinal zone, a similar pattern of change was observed in all 3 outer retina layer 
thicknesses, with peak thickness in the central foveal zone that was significantly 
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thicker than the parafoveal zone, with the perifoveal zone being the thinnest.  Any 
meridional variations in the outer retinal layers (i.e. differences in thickness between 
the 8 considered locations) were only of small magnitude.  However, some small (on 
average ~1µm) but statistically significant differences were found across the various 
locations, for each of the layers.  For the RPE to ISe, the inferior-nasal and inferior 
locations were typically the thinnest, and were each significantly thinner than the 
temporal, superior and nasal locations (p<0.01).  For the IS thickness, the inferior 
and inferior temporal and inferior nasal locations were typically thinner than the other 
locations, and the difference was significant compared to the temporal, superior, 
superior nasal and nasal locations (p<0.01).  For the ONL+OPL thickness, the 
inferior, inferior-temporal and inferior nasal locations were also significantly thinner 
than each of the other locations (p<0.01). 
 
A significant effect of age was also found for the RPE to ISe thickness across the 
posterior pole (p<0.001).  Regression analysis revealed a significant positive 
association with age in each of the 3 considered zones (all p<0.001), with the largest 
magnitude of effect observed in the central foveal zone (0.5 µm increase in RPE to 
ISe thickness per year).  There was no significant influence of age on the IS 
thickness values (p>0.05), and for the ONL+OPL thickness, only the central foveal 
zone exhibited a significant positive association between age and thickness (r = 0.20 
, slope 0.7 µm/year, p<0.01).  There were no significant gender effects observed in 
any of the outer retinal layers in any of the considered zones (p>0.01 for all layers).     
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Inner Retina Layer Thickness 
The variation in the thickness of the examined inner retinal layers across the central 
5 mm of the posterior pole (within the parafoveal and perifoveal zones) is illustrated 
in Figure 4 and Table 3.  Significant variations were evident in each of these layers 
with retinal zone, and location, and there was also significant zone by location 
interactions (all p<0.001).  The INL and IPL+GCL thickness were both significantly 
thicker in the parafoveal zone compared to the perifoveal zone (p<0.001), whereas 
the NFL on average was thinner in the parafovea compared to the perifovea 
(p<0.001).  The INL exhibited only relatively small meridional variations, but was 
generally thinnest in the temporal (mean thickness across all zones 42 ± 3 µm) and 
thickest in nasal (mean 44 ± 3 µm) and superior-nasal (mean 44 ± 3 µm) locations.  
The IPL+GCL exhibited it’s thinnest location inferiorly (mean 75 ± 5 µm) and was 
thickest in temporal (mean 89 ± 6 µm) and nasal (mean 84 ± 5 µm) locations.  The 
NFL was thinnest in temporal locations (mean 2 ± 1 µm), and thickest in inferior-
nasal (mean 40 ± 4 µm) and superior-nasal locations (mean 38 ± 4 µm). 
 
No significant age or gender differences were observed for the INL thickness or the 
IPL +GCL thickness (both, p>0.05).  Significant variations with age were observed in 
the NFL thickness data (p<0.01), and regression analysis revealed a significant 
positive association between age and NFL thickness, with an increase in NFL 
thickness of 0.3 µm per year observed in both the parafoveal and perifoveal zones.  
There was no significant effect of gender on NFL thickness (p>0.01).   
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Discussion: 
We have examined the average macular total retinal thickness, and retinal layer 
thickness with high resolution SD-OCT, in a population of healthy pediatric subjects, 
with minimal refractive errors, and found small magnitude but statistically significant 
increases in the total retinal thickness, and of some of the individual retinal layers 
with age in this population.   To our knowledge this study provides the first in-vivo 
evidence of statistically significant increases in retinal layer thickness from early 
childhood to adolescence.  These findings are consistent with previous histological 
evidence that suggest that aspects of foveal retinal morphology, such as the foveal 
cone outer segment continues to develop post-natally and well into the childhood 
years.4    
 
The topographical and age related changes in total retinal thickness that we 
observed are generally consistent with other recent studies reporting on macular 
total retinal thickness in pediatric populations (ages examined ranging from 4 to 17 
years) with SD-OCT.12-14  These studies have reported mean total retinal thickness 
in the central 1 mm foveal zone ranging from 253 µm to 271 µm and 2 of these 
recent papers have also reported very similar magnitude increases in foveal total 
thickness with age in childhood (of ~1.7 to 1.8 microns per year).13,14  The changes 
we observed in total retinal thickness with age were statistically significant in the 
foveal and parafoveal zones, but not in the perifoveal zones, which suggests that the 
development/maturation of the more peripheral retinal regions occurs earlier than 
central foveal regions in childhood.  Previous histological studies have also 
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suggested that the midperipheral retinal regions develop sooner than do the central 
foveal regions.3  
 
We also examined the changes in a range of different retinal layers with age, and 
found small but statistically significant increases from early childhood to adolescence 
in some of the retinal layers examined.  The most prominent changes with age in 
childhood appeared to occur in the outer retinal layers close to the fovea.  The 
changes observed in the RPE to ISe thickness exhibited the strongest association 
with age.  Taking into account the mean magnitude of increase in the outer retinal 
layers across the range of ages examined in our current study, our findings suggest 
that the foveal outer retinal morphology is approaching close to adult levels24 by 
adolescence.  Statistically significant age-related changes were observed in only one 
of the examined inner retinal layers (the NFL), and the magnitude of these changes 
were small and unlikely to be of clinical significance.  This also agrees with previous 
histological evidence of changes in the foveal photoreceptors occurring later into 
childhood compared with inner retinal structures.3   
 
The total retinal thickness exhibited topographical variations in thickness across the 
posterior pole, with the temporal regions being thinner compared to nasal regions, 
and inferior regions thinner compared to superior regions.  These results are similar 
to those reported in other studies with SD-OCT in children12-14  and adults.25,26  We 
also found significant topographical variations occurring in the outer and inner retinal 
layers across the posterior pole.  The outer retinal layers all exhibited their peak in 
thickness at the centre of the fovea, which is consistent with previous observations 
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from OCT studies in children14 and adults24 and the known spatial density of 
photoreceptors across the posterior pole.27  The topographical variations observed in 
the inner retinal layers were also generally qualitatively similar to previous studies of 
normal adults28 and with anatomical studies of the density of inner retinal cells 
across the retina.29  The similarities in thickness distribution of the total retina and 
retinal layers across the macular region with previous studies of adults,25,26,28 
suggests that the distribution of retinal tissue and cells is morphologically similar 
between the adult and pediatric retina across the posterior pole.   
 
Studies have documented changes in a range of different retinal layer thicknesses 
(particularly the outer retinal layers) associated with a variety of retinal diseases29-31 
that can begin in childhood.  Therefore an improved understanding of the average 
thickness of various retinal layers and the thickness distribution across the posterior 
pole in normal healthy pediatric populations may assist in the clinical diagnosis of 
retinal disease in childhood.  Our finding of an increase in thickness of outer retinal 
layers from early childhood to adolescence, coupled with the previous finding of 
significant thinning (particularly in outer retinal layers), associated with a range of 
retinal dystrophies30-32 suggests that a clinical observation of a thinning in the outer 
retinal layers in childhood should raise a high clinical suspicion of a retinal 
abnormality.   
 
In our population of children, we observed reasonable consistency in the pattern of 
thickness distribution of the retina and retinal layers across the macular region.  All 
children exhibited a minimum in their total retina thickness, a peak in the thickness of 
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outer retinal layers, and a substantial thinning and merging together of the inner 
retinal layers at foveal centre.  However, the error bars and spread of data in Figures 
2-4 indicate the presence of considerable between subject variation in the absolute 
retina and retina layer thickness values across the macula (e.g. total retina thickness 
at foveal centre ranged from a maximum of 292 µm to a minimum of 189 µm), 
suggesting some inherent between subject variability in macular retinal morphology, 
that is consistent with previous studies in adults.33 A small number of the children in 
our study (4%) also exhibited some evidence of remnants of inner retinal layers 
persistant across the fovea.  Persistance of inner retinal layers at foveal centre has 
previously been reported to be associated with pre-term birth and retinopathy of 
prematurity,34 however there is also evidence from OCT studies of normal adults, 
that some remnants of inner retinal layers at foveal centre is a feature of the foveal 
morphology in a small percentage (6%) of normal adults with no history of 
prematurity.33    
 
Although our study has examined retinal layer thickness in a larger number of 
children and across a larger number of retinal regions than the previous study in 
pediatric subjects (that examined retinal layer thickness at 3 discrete locations in a 
single horizontal OCT scan),14 a limitation of the data presented in our current paper 
is that the topographical thickness data is derived from only 4 foveal radial line 
scans.  Further work examining the topographical characteristics of retinal layer 
thickness, using a denser scanning protocol, will provide further insights into the 
regional variations in retinal morphology in childhood.   The cross-sectional nature of 
our current study is another limitation, and future longitudinal studies will provide 
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greater insight into the nature and time-course of retinal changes with age in 
childhood. 
 
In conclusion, this study demonstrates small but statistically significant changes in 
total retinal thickness and retinal layer thickness occur with age from early childhood 
to adolescence.  The relatively small magnitude of the observed age-related 
changes, coupled with the similarities between the distribution of retinal layer 
thickness across the posterior pole in the children in this study and that documented 
in adults previously, suggests that many aspects of macular retinal morphology are 
reaching close to adult levels by adolescence. 
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FIGURE LEGENDS: 
 
Figure 1: An overview of the OCT scanning and image analysis protocol used in the 
study, with an example B-Scan image (vertical scan) from a representative subject. 
A series of 4 radial OCT images centred on the fovea separated by 45º (a), each 
consisting of 30 individual B-Scans (b) were captured for each subject.  The 
individual B-scans from each scan line were then registered and averaged to create 
averaged B-scan images (c) for each of the 4 scan lines.  An automated method 
(with manual correction) was then used to segment 8 retinal boundaries in each of 
the averaged B-Scans (d) including: the retinal pigment epithelium (RPE), the inner 
segment ellipsoid (ISe), the external limiting membrane (ELM), the boundary 
between the outer plexiform layer and inner nuclear layer (OPL/INL), the boundary 
between the inner nuclear layer and inner plexiform layer (INL/IPL), the boundary 
between the ganglion cell layer and the nerve fibre layer (GCL/NFL), and the inner 
limiting membrane (ILM).  The segmentation was used to derive the mean of 7 
retinal thickness parameters (the total retinal thickness, the RPE to ISe thickness, 
the inner segment thickness [IS], the outer nuclear layer and outer plexiform layer 
thickness [ONL+OPL], the inner nuclear layer thickness [INL] the inner plexiform 
layer and ganglion cell layer thickness [IPL+GCL] and the nerve fibre layer thickness 
[NFL]), at the foveal point (red line), the foveal zone (1), the parafoveal zone (2) and 
the perifoveal zone (3) in each averaged B-Scan.  
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Figure 2:  Average thickness profile of the total retina across the central 5 mm of the 
posterior pole for the 188 children in the study with complete data for each of the 4 
radial scan lines (error bars represent ± 1SD) (a), and the influence of age on the 
foveal zone total retinal thickness (solid line is best fit regression line and dashed line 
is 95% confidence intervals) (b).  Regression analysis revealed the association 
between total retinal thickness and age to be significant (r = 0.22, p = 0.003).   
28 
 
 
 
Figure 3:  Average thickness profile (averaged across the 4 measured meridians) for 
each of the outer retinal layers examined, across the central 5 mm of the posterior 
pole for the 188 children in the study with complete data for each of the 4 radial scan 
lines (error bars represent ± 1SD) (a).  The influence of age on the mean foveal zone 
RPE to ISe thickness (b), the IS thickness (c) and the ONL+OPL thickness (d) is also 
illustrated (solid line is best fit regression line and dashed line is 95% confidence 
intervals).  Regression analysis revealed that the relationship between age and 
foveal zone thickness was only statistically significant for the RPE to ISe thickness (p 
<0.001), and the ONL+OPL thickness (p<0.001). 
29 
 
 
Figure 4:  Average thickness profile (left) across the central 5mm of the posterior 
pole and the influence of age on the parafoveal zone thickness (error bars represent 
± 1 SD) (right) for the INL thickness (a), IPL+GCL thickness (b) and NFL thickness 
(c) for each of the 188 children in the study with complete data for each of the 4 
radial scan lines (solid line is best fit regression line and dashed line is 95% 
confidence intervals). Note there are no measures in the central foveal 1 mm zone, 
due to the absence of the inner retinal layers in the fovea in the majority of subjects. 
 
 
